Structural and electronic properties and chemical fate of free radicals generated from hydroxyurea (HU) and its methylated analogues N-methylhydroxyurea (NMHU) and O-methylhydroxyurea (OMHU) are of utmost importance for their biological and pharmacological effects. In this work the cis/trans conformational processes, tautomerizations, and intramolecular hydrogen and methyl migrations in hydroxyurea-derived radicals have been considered. Potential energy profiles for these reactions have been calculated using two DFT functionals (BP86 and B3LYP) and two composite models (G3(MP2)RAD and G3B3). Solvation effects have been included both implicitly (CPCM) and explicitly. It has been shown that calculated energy barriers for free radical rearrangements are significantly reduced when a single water molecule is included in calculations. In the case of HU-derived open-shell species, a number of oxygen-, nitrogen-, and carbon-centered radicals have been located, but only the O-centered radicals (e1 and z1) fit to experimental isomeric hyperfine coupling constants (hfccs) from EPR spectra. The reduction of NMHU and OMHU produces O-centered and N-centered radicals, respectively, with the former being more stable by ca. 60 kJ mol -1 . The NMHU-derived radical e4 undergoes rearrangements, which can result in formation of several conceivable products. The calculated hfccs have been successfully used to interpret the experimental EPR spectra of the most probable rearranged product 10. Reduction potentials of hydroxyureas, radical stabilization energy (RSE) and bond disocciation energy (BDE) values have been calculated to compare stabilities and reactivities of different subclasses of free radicals. It has been concluded, in agreement with experiment, that reductions of biologically relevant tyrosyl radicals by HU and NMHU are thermochemically favorable processes, and that the order of reactivity of hydroxyureas follows the experimentally observed trend NMHU > HU > OMHU.
Introduction
Hydroxyurea (HU) or hydroxycarbamide has been of scientific and clinical interest for more than 100 years.
1 HU is structurally related to hydroxamic acids (Chart 1), known as metal chelators and microbial siderophores characterised by diverse biological activities such as antibacterial, antifungal, antitumor and antiinflammatory activities.
2-4 HU acts as a source of nitric oxide (NO), which plays an important role in the maintenance of normal blood pressure and flow. 5 Nowadays, it is used to treat leukemia and other malignances, sickle-cell anemia, HIV infection, thrombocythemia, psoriasis and polycythemia vera. formation from hydroxyurea requires a three-electron oxidation, which may proceed either through the nitroxide radical or a Cnitroso intermediate.
5,19
The remainder of the HU molecule may decompose into formamide or carbon dioxide and ammonia, depending on the conditions and type of oxidant employed. 20 However, the mechanism for the formation of reactive nitrogen species from HU is not clear and requires further elucidation.
Recently, King and co-workers demonstrated experimentally that some derivatives of hydroxyurea can generate nitroxide radicals more rapidly than hydroxyurea. 21 Furthermore, Rohrman and Mazziotti showed that the effectiveness of different hydroxyurea derivatives to generate nitroxide radicals depends on relative O-H bond dissociation energies. 22 Thus, electrochemical processes brought on by transformations of HU in a cell may also be triggered by structural requirements. The tuning of the stability of the nitroxide radicals constitutes an effective method to increase the efficiency of the hydroxyurea-based drugs and quantum mechanical calculations can act as an effective tool for that challenge. The intermediacy of carbon-or heteroatomcentered radicals is of special importance for the biological activity of hydroxyurea. For example, mechanisms of inhibition of ribonucleotide reductase, 23-25 ascorbate peroxidase, 26 or oxygenic photosystem II 27 are closely related to the nature of the respective free radicals. In general, nitrogen-centered radicals are more electron-deficient species as compared to the corresponding carbon-centered analogs, while the substituent effects on their stabilities are similar to those for oxygen-centered radicals.
28, 29 In this work, we have applied several computational models, which provide a useful approach in giving insight into the mechanism underlying the formation and rearrangements of hydroxyureaderived radicals.
Furthermore, we have recently shown that oxidation of HU, N-methylhydroxyurea (NMHU) and O-methylhydroxyurea (OMHU) with ferricyanide in water does not correlate with the basicity of hydroxyureas, but could rather depend on the localization of the electron spin density within the particular free radical. 30 The HU free radical was characterized by EPR spectroscopy quite some time ago, and we recently characterized free radicals of NMHU by the same method, 31 but have failed to characterize the free radical of OMHU. 30 Therefore, in this work, we have applied several computational models, which reasonably well confirm the spectroscopic results on HU and NMHU, hence providing a useful approach, giving insight both into the structure of the free radicals derived from all three hydroxyureas, as well as the mechanism underlying their formation and subsequent rearrangements.
Results and discussion

Hydroxyurea-derived radicals
The chemical fate of free radicals formed via oxidation of hydroxyurea (HU) or aminoformohydroxamic acid is not clear. Several possible pathways have been suggested for its decomposition. EPR studies show the formation of the nitroxide radical (e1/z1, Scheme 1), which has been proposed to decompose to NO, during the reaction of HU with hemoglobin or metal ion oxidants. However, the detailed molecular mechanism describing the actions of HU remains to be established. In the present study, the rearrangements of the parent nitroxide radical e1/z1 have been investigated computationally, including cis/trans isomerization and intramolecular hydrogen migration as elementary reaction steps. In addition to O-centered radical e1/z1, both N-(e2/z2) and C-centered (e3/z3) radicals have been located on the corresponding potential energy surface (Scheme 1). According to earlier experimental studies the oxygen-centered radical e1/z1 is formed during oneelectron oxidation of hydroxyurea. It has been observed by EPR spectroscopy, but no detailed information on its geometry is available. In the present study, several computational techniques have been employed in order to characterize structural and electronic properties of this radical and its rearranged products.
Two different forms of O-centered radical have been located, e1 and z1, in which carbonyl and hydroxyl oxygen atoms are in trans or cis relative orientation, respectively (Scheme 1, Fig. 1 ). In the gas phase (no explicit water included) the isomer e1 is lower in energy (more stable by 20-40 kJ mol -1 , depending on the theoretical model, see ESI †) and has a planar symmetrical structure (C s point group), 32 while the symmetrical structure of z1 corresponds to a first-order saddle point (NImag = 1). The minimum structure of z1 deviates from planarity and is slightly pyramidal at the NH 2 nitrogen atom.
33 In order to consider specific solvent interactions with the free radical intermediates, a discrete water molecule is included in each examined species (see below). We have shown earlier that a single water molecule is also sufficient to properly describe water-assisted radical rearrangements. 34 When both implicit (CPCM) and explicit solvent effects are included (Table 1) , radicals e1 and z1 become similar in energy (i.e. the former being more stable by 3.3 kJ mol -1 ). In both isomers the spin density is delocalized over the hydroxamate moiety as illustrated by the singly occupied molecular orbitals (SOMOs) that mostly include O and N atoms with some delocalization over the carbonyl oxygen (Fig. 1) . The experimental EPR signal of the free radical derived from hydroxyurea consists of six resonance lines characteristic of the aminocarbonyloaminoxyl radical H 2 N-CO-NHO ∑ .
35,37
It is brought about by coupling of the unpaired electron with the 14 N nucleus (a N = 8.0 gauss), giving rise to triplet resonance lines, while further splitting into doublets is caused by proton coupling (a H = 12.0 gauss). The capability of the B3LYP functional, combined with the EPR-III basis set, 37 to reproduce the experimental isotropic hyperfine coupling constants (hfccs) has been reported for a large set of organic radicals.
38
We have applied the computational procedure of Hermosilla et al. 38 to test if the calculated hfcc values can be used to differentiate between e1 and z1 isomers. Interestingly, calculations for the two isomers have produced hfccs results which both agree with experimental data (Table 2 ). In order to confirm that the isotropic hfcc is related to the spin density at the nucleus, we have calculated the spin distribution in e1 and z1. The calculated Mulliken values indicate that the unpaired electron in e1 and z1 is mostly localized at O and N atoms (Fig. 1 ). It comes out that similar atomic spin densities in e1 and z1 correlate well with calculated hfccs in these two radicals. On the basis of the small energy difference between the trans and cis isomers (DG~3 kJ mol -1 ), it is estimated that both e1 and z1 contribute to the averaged spectroscopic properties of the hydroxyurea radical.
Three different types of rearrangements of hydroxyurea radicals have been considered: the isomerization of the cis and trans forms, the hydrogen migration between N and O atoms of the hydroxamate moiety, and the tautomerization equilibrium in which amidic (hydroxamic) and iminolic (hydroximic) form coexist (Scheme 1). The transition state structure TS 1 for interconverting e1 and z1 is characterized by one imaginary frequency (180i cm -1 ), which corresponds to rotation around the (O)C-N(O) bond. The relatively high rotational energy barrier of 51.1 kJ mol -1 is due to the loss of its partial double bond character.
39, 40 In addition, transition state structures eTS 1/2 and zTS 1/2 , which connect Ocentered radicals e1 and z1 with the corresponding N-centered radicals e2 and z2, respectively, have been located on the potential energy surface. This hydrogen migration is a water-assisted process, for which the inclusion of a discrete water molecule in the corresponding transition state structure is mandatory. If one explicit water molecule is well placed to facilitate hydrogen migration, the calculated barrier for the 1,2-[N↔O]-H shift is significantly lower in energy than the corresponding hydrogen shift in the gas phase. This is in agreement with earlier studies, which have reported the participation of water in hydrogen migrations in free radicals. 41 Three different pathways of water-catalyzed mechanisms (see ESI †) have been considered, but only the most feasible processes, in which the water molecule is directly involved in forming five-membered ring transition states eTS 1/2 and zTS 1/2 , are presented in the Scheme 1. The calculated energy barriers for hydrogen migrations via eTS 1/2 and zTS 1/2 are 132.7 and 140.6 kJ mol -1 , respectively, which suggests that these processes are kinetically unfavorable. The resulting N-centered radicals e2 and z2 are less stable than the O-radicals, e1 and z1 (Scheme 1). In contrast to O-radicals, the calculated hfccs for N-radicals deviate strongly from the experimental data ( Table 2 ). All these data support the proposal from experimental studies in which only O-centered radicals have been considered as the relevant oxidation products of hydroxyurea.
The least stable radicals derived from hydroxyurea are formally designated as carbon-centered radicals e3 and z3, which are presented in Scheme 1 with two resonance structures each.
42
They exist in conformational equilibrium, but the transition state structure TS 3 which connects them is very high in energy (Scheme 1). The C-radicals e3 and z3 are hydroximic tautomers of the O-radical e1 and N-radical z2, respectively. The transition state structure eTS 1/3 connecting e1 and e3 is characterized by a sixmembered ring, in which one water molecule assists the proton transfer process and is located 98.1 kJ mol -1 above the global minimum z1. Therefore, the tautomerization of O-radical e1 via eTS 1/3 is a more feasible rearrangement (the calculated rate constants k = 4 ¥ 10 -5 s -1 ) than the hydrogen migration via eTS 1/2 (k < 3.5 ¥ 10 -11 s -1 ). 43 Similarly to the case of N-radicals, a large discrepancy between experimental and calculated isotropic hfcc values can be observed for the C-radicals (Table 2 ). In conclusion, only the oxygen-centered radicals e1 and z1 are relevant openshell intermediates derived through hydrogen abstraction from hydroxyurea. Both nitrogen-and carbon-centered radicals are significantly higher in energy and display spectroscopic characteristics in significant disagreement with experiment.
N-Methylhydroxyurea-derived radicals
N-methylhydroxyurea (NMHU) and O-methylhydroxyurea (OMHU) are important kinetic and mechanistic probes for the reaction of hydroxyurea and hydroxamic acids with hemoglobin. The OMHU is unreactive towards this metalloprotein, and the N-methylated derivative of HU reacts with both oxy-and methemoglobin, but the overall reaction mechanism is somewhat different.
21, 44 Unlike HU, which is a source of nitric oxide (NO), NMHU and its open shell forms cannot transfer NO to hemoglobin as the NO transfer requires an unsubstituted acylhydroxylamine group. In addition, the oxidations of NMHU and OMHU with metal ions are characterized by a peculiar behavior (see below) of the observed intermediates, 30,31 which warrants a comparative study of open-shell intermediates derived from HU, NMHU, and OMHU.
Contrary to the case of hydroxyurea radical, where O-, Nand C-radicals interconvert through proton migration reactions (Scheme 1), comparable rearrangement reactions are not possible in the O-centered N-methylhydroxyurea radical e4. For example, the calculated energy barrier for 1,2-[N↔O]-methyl shift, which transforms the O-centered N-methylhydroxyurea radical (e4) to the N-centered methoxyurea radical (e5), is extremely high (Scheme 2). The transition state eTS 4/5 is calculated >300 kJ mol -1 higher in energy than e4 making the rearrangement process e4 → e5 quite unlikely. The analogous transition state zTS 4/5 which equilibrates radicals z4 and z5 is even higher in energy (Table 3) .
A more favorable three-step process, which can rearrange e4 to z5 through radical intermediates e8 and z8, is also conceivable (Scheme 3). As a first step this involves the formal 1,3-[N↔O]-methyl shift, which yields the O-centered radical e8. Conformational rearrangement via transition state TS 8 converts e8 to z8 in the second step and generates a structure suitable for 1,4-[N↔O]-methyl shift. The last step, in which the N-centered radical z5 is formed, is energetically the most demanding. The corresponding transition state zTS 5/8 is 281.5 kJ mol -1 higher in energy than e4, but is still ca. 30 kJ mol -1 lower in energy (Table 3 ) than the ratedetermining transition state eTS 4/5 for the 1,2-[N↔O]-methyl shift described earlier (Scheme 2).
The experimentally observed EPR spectrum characterized through hyperfine coupling constants of a N = 9.8 and a H = 10.8 is in excellent agreement only with data calculated for radical e4 with a N = 9.6 and a H = 10.9, in which the two oxygen atoms are in relative trans-position (Table 4) . Radical e4 can isomerize to its cis-form z4, but the latter is calculated 39.4 and 25.0 kJ mol -1 less stable in the gas phase (no explicit water included) and in aqueous solution, respectively ( Table  3) . As well, the calculated hfccs for the cis-isomer z4 suggest that this structure does not contribute to the experimental splittings observed for the N-methylhydroxyurea radical (Table 4) . Therefore, the hfcc calculations can be successfully used to distinguish between the two isomeric forms of N-methylhydroxyurea radical.
Spin density distribution values (Mulliken atomic spin densities, Fig. 2 ) in radical e4 indicate that the spin is mainly located at the oxygen atom (0.519) with some contribution to the neighboring nitrogen (0.341), while the measured value of the g-factor (2.0068) is typical for oxygen-centered radical. This is represented by the singly occupied molecular orbital in e4, which is delocalized over the O atom and the adjacent N atom (Fig.  2) . A similar spin distribution has been calculated (SD O = 0.551, SD N = 0.365) and a similar g-factor (2.0067) has been measured for the O-centered N-hydroxyurea radical in its trans-form e1 (see above).
In addition to conformational changes, tautomerization processes in O-centered radicals e4 and z4 have also been considered (Scheme 2). Hydrogen atom migration from the -NH 2 group to carbonyl oxygen in N-methylhydroxyurea radicals was found to be a kinetically (the calculated rate constants k e = 4.2 ¥ 10 -7 s -1 and k z = 4.8 ¥ 10 -9 s -1 ) and thermodynamically unviable process. The calculated energy barriers for reactions e4 → e6 and z4 → z6 are 109.4 and 120.8 kJ mol -1 , respectively. The iminolic forms e6 and z6 are 65.5 and 53.2 kJ mol -1 higher in energy than their amidic counterparts e4 and z4, respectively (Table 3) . We have shown earlier 31 that the radical e4 undergoes rearrangement in aqueous media. Unlike the oxidation of hydroxyurea with metal ions, in which only one radical has been detected, the oxidation of NMHU is characterized by consecutive formation of two different oxygen-centered free radicals, as recorded by EPR spectroscopy. The second paramagnetic species is represented by a seven resonance line EPR spectrum with different hyperfine couplings suggesting a structural change in the vicinity of the unpaired electron. The g-factor of the rearranged radical is equal to that observed for e4, which is typical for oxygen-centered radicals. According to our experimental results, three different structures 9, 10, and 11 can be considered as possible products, along with the formaldoxime free radical 12 (Scheme 4). The latter radical can result from the oxidation of N-methylhydroxylamine radical, the hydrolysis product of the e4. The radical cation 9 has been suggested as a transient intermediate in the course of the e4 transformation process. The reaction of 9 with water results in the formation of 10, which can subsequently rearrange to 11 via hydrogen migration. We have found that the only water-assisted pathway feasible for hydrogen migration is the process in which the water molecule is directly involved in forming seven-membered ring transition state (Scheme 4). The transition state structure TS 10/11 has been located and calculated to be only 23.0 kJ mol -1 above 10. As no direct spectroscopic evidence is available to rule out any of the candidates, quantum chemical calculations have been performed to interpret the resulting EPR parameters and to distinguish between the proposed structures. The calculated hfccs clearly show that the free radical 10 is the most probable product, which is in agreement with conclusions based on preliminary experimental data. 31 Almost the same nitrogen hyperfine value (a N = 9.5 for 10 vs. a N = 9.8 for e4) in the two radicals indicates a similar spin density distribution (Scheme 5). The spin density in 10 is delocalized over the O (0.530) and N (0.346) atoms, which is represented by the SOMO that mostly includes these two atoms (Fig. 2) . In the case of the two other proposed structures 9 and 11 very different spin distributions and isotropic hfccs are obtained computationally.
Scheme 5 UBP86/6-311++G(d,p) spin distributions (Mulliken values) in
O-centered radical e4 and its rearranged products (for comparison reason, non-solvated species were considered only).
O-Methylhydroxyurea-derived radicals
An attempt to record a free radical generated from Omethylhydroxyurea in reaction with Fe(CN) 6 3-by the EPR spectroscopy technique failed. The failure to detect the free radical derived from O-methylhydroxyurea indicates that this intermediate is present at much lower concentration than the free radicals generated either from hydroxyurea or N-methylhydroxyurea. This could be a consequence of a much lower stability of the former one (see Table 3 ), or due to its much slower formation (see below the conclusion on the O-H vs. N-H bond dissociation and radical stabilization energy values). In any case, the involvement of a free radical 5 in that reaction was assessed by initiating the polymerization of acrylamide. 30 The computational methods were applied to characterize structural properties of the radical 5 generated from O-methylhydroxyurea, and to compare its electronic properties to open-shell species generated from hydroxyurea or N-methylhydroxyurea.
It has been shown (see above) that the methyl shift reactions e4 → e5 or z4 → z5, which equilibrate N-centered and Ocentered radicals, are energetically unfavorable processes (DG # > 300 kJ mol -1 ). As well, the transition state structures eTS 5/7 and zTS 5/7 for tautomerization processes e5 → e7 and z7 → z7, respectively, are very high in energy (Table 3) . Similar to the case of N-methylhydroxyurea-derived radicals, the iminolic tautomers of O-methylhydroxyurea-derived radicals e7/z7 are significantly higher in energy than the corresponding amidic tautomers e5/z5. Thus, the only feasible rearrangement (the calculated rate constant k = 2.4 ¥ 10 6 s -1 ) of radical e5 is conformational isomerization to z5 for which the calculated energy barrier is 36.6 kJ mol -1 . The trans configured radical e5 is more stable than cis form z5 (Table  3) , which is similar to the cases of HU and NMHU.
Atomic spin densities in trans-form e5 indicate (Fig. 3 ) that the spin is mainly located at the nitrogen atom (0.636) with some contribution to the neighboring O atom (0.225), but also to the carbonyl oxygen atom (0.134). In cis-form z5 the participation of the neighboring oxygen in spin delocalization is somewhat larger (0.263), while the contribution of carbonyl oxygen atom is negligible (0.065). The calculated hfccs values for e5 (a N = 2.8 and a H = 5.1) and z5 (a N = 2.8 and a H = 5.8) are very similar, suggesting that EPR studies cannot be used as a decisive probe for the identification of the preferred isomer in the equilibrium. This is contrary to the case of the O-centered radical 4, where the hfcc calculations can be successfully used to distinguish between the two isomeric cis/trans forms (see above).
Reduction potential of hydroxyureas
It has been shown that NMHU is more reactive than HU towards oxyhemoglobin. Similarly, a higher reactivity of the free radical derived from NHMU than the corresponding radical derived from HU towards metal ions has been measured. OMHU does not react with hemoglobin, but slow oxidation with hexacyanoferrate ions has been observed. In order to compare differences in the redox behaviour of HU and its methylated analogues, NMHU and OMHU, the reduction potential for each anion/radical pair has been calculated at the G3B3 level of theory. The dependence of the rate of oxidation of hydroxyureas on the acidity of aqueous solution shows that the anions are much more reactive than the corresponding molecular forms.
30,36 Therefore, only the respective water-complexed anions 13, 14, and 15 (Fig. 4) have been considered as redox active species for the calculation of reduction potentials.
The question concerning the actual site of ionization (protonation and deprotonation) of hydroxyureas and hydroxamic acids has been long debated.
45-50
In the course of our investigation of hydroxamic acid properties, we have reported potentiometric and computational results for thermodynamic parameters of ionization for hydroxyurea, N-methylhydroxyurea, and Omethylhydroxyurea.
The results indicate that both HU and NMHU behave as Oacids, i.e. the deprotonation occurs at the hydroxamate oxygen atom, whereas the dominant deprotonation site in OMHU is the hydroxamate nitrogen atom.
30,51,52
The most stable monosolvated oxyanions 13 and 14 of HU and NMHU, respectively, and Ndeprotonated anionic form 15 derived from OMHU are presented in Fig. 4 . The calculated HOMO of oxyanions 13 and 14, from which the electron transfer to hemoglobin or metal ion oxidant is expected to occur, 53 is composed mostly of the hydroxamate oxygen p atomic orbital, with significant contribution from the hydroxamate nitrogen p AO, while the participation of the carbonyl oxygen atom in the HOMO is negligible (Fig. 4) . In the case of O-methylhydroxyureate 15, the calculated HOMO is mostly located on the hydroxamate nitrogen with some contribution from carbonyl oxygen and neighbouring oxygen atom.
Absolute reduction free energy in aqueous solution can be calculated (thermodynamic cycles used in the computation of equilibrium reduction potentials are presented in the ESI †) routinely by computing the energy components of the reduced (anionic form) and oxidized (free radical) species. Thus, DG 
where n is the number of electrons, F is the The data for the reduction potential of the free radical/anion couples relevant for this study are collected in Table 5 . From the calculated data for non-solvated species one can conclude that the most reactive anion is 14, i.e. its reduction potential is the most positive (+0.77). This is in agreement with experimental findings which reveal that N-methylhydroxyurea reacts with hemoglobin and metal ions faster than the parent hydroxyurea.
21,30
The calculated reduction potential of the hydroxyurea anion 13 is similar to the experimental value estimated from kinetic measurements, but differs from the value determined by cyclic voltammetry. 57 The use of one explicit water molecule reduces the reduction potential for hydroxyurea and N-methylhydroxyurea, with the former having slightly more positive E 0 value. It is possible that additional water molecules should be considered explicitly in order to reproduce the experimental trend observed for hydroxyurea and N-methylhydroxyurea. It has been shown recently that differential solvation effects on the anion and neutral radical can strongly influence the thermodynamics of one-electron reduction, i.e. the agreement between calculated and experimental reduction potential in the model solvent is typically poorer.
58
Finally, the reduction potential for O-methylhdroxyureate 15 is the lowest one, i.e. negative value is calculated in the case of nonsolvated and monosolvated species, which in part explains our unsuccessful attempt to detect the corresponding radical e5/z5 by EPR spectrometry.
Radical stability -RSE and BDE values
In order to compare the stabilities and reactivities for the two different subclasses of hydroxyurea-derived radicals (O-and Ncentered), radical stabilization energies (RSE) were calculated and bond dissociation energies (BDE) were estimated for energetically relevant species (1, 2, 4, and 5) and compared to biologically important radicals (amino, aminoxyl, phenoxy, para-methylphenoxy, hydroxyl).
RSE have been calculated as the reaction enthalpies at 298.15 in the gas-phase (with no explicit water molecule) for isodesmic H-transfer reactions 3 and 4: 
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In addition, the zero-point of the stability scale of O-centered radicals is located at 497.1 kJ mol -1 (due to O-H BDE in water), while the zero-point of the scale for N-centered radicals is shifted by 47 kJ mol -1 (due to lower N-H BDE value in the reference compound NH 3 ; 450.1 kJ mol -1 ). This type of presentation allows for a comparison of the stabilities of radicals characterized through different reference systems (HO ∑ and ∑ NH 2 ), the direct correspondence of RSE and BDE values becomes visible, and exothermic radical transformations involving hydrogen transfer reactions are easily recognized.
According to the estimated BDE values (Scheme 6), Ocentered radicals e1 and e4 derived from hydroxyurea and Nmethylhydroxyurea, respectively, are the most stable open-shell species. The homolytic cleavage of the bonds leading to these radicals requires similar thermochemical effort with O-H BDE (e1) = 317.9 kJ mol -1 and O-H BDE (e4) = 308.4 kJ mol -1 , while the corresponding BDE values for phenoxy, para-methylphenoxy, and tyrosyl dipeptide radicals (Scheme 6) are ca. 360, 363, and 365 kJ mol -1 , respectively. 61 The latter compounds are related to tyrosyl radicals, which are relevant for biological activity of hydroxyurea and its methylated analogues.
23, 24 Due to the difference in the respective BDE values, one can predict that hydrogen atom transfers from HU and NMHU to the tyrosyl radical (as expected in the tyrosyl radical quenching mechanism) are thermochemically favorable processes, with NMHU being more exothermic by ca. 10 kJ mol -1 . These results also imply that OMHU (N-H BDE (e5) = 368 kJ mol -1 ) is less likely to be an effective reducing agent for phenoxy type-radicals, as shown earlier by experimental studies.
Computational Details
